Background: A genetic variant within RNF207 is associated with a prolonged QT interval. QT interval prolongation may lead to arrhythmia, a risk factor for sudden cardiac death. Results: RNF207 regulates action potential duration and the repolarizing channel HERG. Conclusion: RNF207 is an important regulator of cardiac excitation. Significance: Understanding the composition and dynamics of membrane complexes is important in unraveling the mechanism of arrhythmias. Two recent studies (Newton-Cheh, C. et al. (2009) Common variants at ten loci influence QT interval duration in the QTGEN Study. Nat. Genet. 41, 399 -406 and Pfeufer, A. et al. (2009) Common variants at ten loci modulate the QT interval duration in the QTSCD Study. Nat. Genet. 41, 407-414) identified an association, with genome-wide significance, between a single nucleotide polymorphism within the gene encoding RING finger protein 207 (RNF207) and the QT interval. We sought to determine the role of RNF207 in cardiac electrophysiology. Morpholino knockdown of RNF207 in zebrafish embryos resulted in action potential duration prolongation, occasionally a 2:1 atrioventricular block, and slowing of conduction velocity.
A prolonged QT interval increases the likelihood for ventricular arrhythmias and sudden cardiac death in the general pop-ulation (1) . Although 13 genes, mainly encoding ion channels, have been identified as causing Mendelian forms of long QT syndrome (2) (3) (4) , mutations in these genes are rare and can, therefore, account for only a small percentage of the overall population risk for sudden cardiac death (5) . Because approximately one-third of QT interval variability is heritable (6 -8) , a number of genome-wide association studies have been performed to identify genes underlying this variation (9 -14) . For example, two recent genome-wide association studies (10, 11) identified five novel loci associated with the QT interval. These polymorphisms may cumulatively contribute to QT interval variation and, hence, to the net risk for cardiac arrhythmias (5) . Importantly, gene variants affecting QT interval duration may also have a detrimental impact through effects to decrease the "repolarization reserve" (15) in the context of sensitivity to drugs, sex hormones, or other environmental factors that prolong the QT interval. A comprehensive understanding of the genetic basis of repolarization will require knowledge of all the relevant genes, their mechanisms of action, and their interactions with each other or with environmental stressors.
One SNP associated with prolongation of the QT interval (approximately 1.7 (10, 11) or 2.9 ms (16)) has been mapped within the gene encoding RNF207 (10, 11) . The SNP rs846111 actually lies within the open reading frame of the RNF207 gene and not in its 3Ј untranslated region as reported (10, 11) . Interestingly, RNF207 contains a RING domain (17) , suggesting that the protein may be a ubiquitin ligase. On the basis of these findings and our experience in studying the trafficking of the voltage-gated potassium channels Kv1.5, HERG, and KvLQT1 (18 -21) , we hypothesized that RNF207 is a candidate for regulation of the QT interval and thus cardiac repolarization. We further hypothesized that RNF207 potentially acts through effects on ion channel synthesis, trafficking, and/or recycling or degradation through proteasomes or lysosomes (22) . Therefore, we set out to investigate the possible role of RNF207 in action potential duration (APD) 3 regulation in zebrafish and neonatal rabbit cardiomyocytes (NRbCM) and to identify the associated ion channels responsible for these effects. Here we present data that support a role for RNF207 in the regulation of cardiac repolarization, which appears to be highly conserved throughout vertebrate evolution from bony fish to mammals.
EXPERIMENTAL PROCEDURES
DNA-Human RNF207 was cloned from human heart RNA (Agilent Technologies). The HA-tagged open reading frame of RNF207 was cloned into a modified form of pENTR 1A Dual (Invitrogen), which contains a downstream internal ribosomal entry site linked to GFP. This bicistronic expression cassette was then transferred to the vector pAd/CMV/V5-DEST (Invitrogen) using the Gateway cloning system (Invitrogen). HEK293 cells (Invitrogen) were transfected with PacI-digested pAd/ CMV/V5-DEST-RNF207-GFP, and adenoviral stocks were prepared according to the instructions of the manufacturer. As a control, we used the "empty" vector pAd/CMV/V5-DEST-GFP that allows the expression of GFP. HA-or FLAG-tagged RNF207 open reading frames were cloned into pcDNA3 (Invitrogen). The deletions of the RING (⌬RING), B-box 1 (⌬B-box), and B-box C-terminal (⌬BBC) domains; the C-terminal region (⌬C); and the SNP-containing RNF207 (G603A) were generated by site-directed mutagenesis using the QuikChange sitedirected mutagenesis kit (Agilent Technologies). Rabbit RNF207 was cloned from total RNA isolated from wild-type New Zealand White rabbit hearts. To obtain the full sequence of the rabbit RNF207 mRNA, 5Ј and 3Ј rapid amplification of cDNA ends was performed as described previously (23) . The rabbit RNF207 mRNA sequence was deposited in the GenBank database (GenBank accession number JQ754141). pcDNA3-HERG and pcDNA3-KvLQT1 express the human HERG and KvLQT1 channels (20) . phERG-mEGFP, described previously (21) , encodes an N-terminal fusion of HERG and monomeric enhanced GFP (mEGFP), which contains an A206K mutation resulting in mEGFP. The biophysical properties of phERG-mEGFP resemble that of wild-type HERG (21) . The following plasmids were purchased from Addgene: pcDNA5/FRT/TO HIS HSPA1A expressing His-tagged HSP70 (catalog no. 19537) (24), pcDNA5/FRT/TO HIS HSPA8 expressing His-tagged HSC70 (catalog no. 19541) (24) , and pcDNA5/FRT/TO HIS DNAJA1 expressing His-tagged DJA1 (catalog no. 19545) (24) . The plasmid pEGFP was obtained from Clontech.
Transfections-Human osteosarcoma U-2 OS cells (ATCC) were cultured at 37°C with 5% CO 2 in McCoy's 5A medium (Invitrogen) supplemented with 10% FBS. HEK293 cells (ATCC) and rat H9c2 cardiomyoblasts (ATCC) were cultured in DMEM (Invitrogen). All cell lines were split at ϳ50% confluency and only used at low passage numbers (Ͻ10). Transient transfections into U-2 OS, HEK293, and H9c2 cells were performed using Lipofectamine 2000 (Invitrogen) following the instructions of the manufacturer. In initial experiments, we varied the ratio of RNF207 to HERG expression plasmids (1.5:1, 3:1, and 6:1 molar ratios). We noticed a small but significant increase in HERG expression (approximately 20%) at a 3:1 molar ratio in HEK293 cells but chose a 6:1 molar ratio in all subsequent transfections because we generally observed a more pronounced HERG increase (approximately 50%, data not shown). Therefore, expression plasmids for RNF207, its deletions, or HSP70 (HSC70, DJA1) were used at a 6-fold molar excess compared with the HERG (KvLQT1) expression plasmid for all transient transfections. For example, 400 ng of DNA (4 ng of GFP expression plasmid, 32 ng of HERG expression plasmid, 182 ng of RNF207 expression plasmid, and 182 ng of pcDNA3) per well of a 12-well plate were used for transfections.
Preparation of Neonatal Rabbit Ventricular Cardiomyocytes-Cardiomyocytes were isolated from 3-to 5-day-old New Zealand White rabbits in accordance with Institutional Animal Care and Use Committee-approved protocols as described previously (21) .
Preparation of Adult Rabbit Left Ventricular Cardiomyocytes-Cardiomyocytes were isolated from the hearts of 3to 4-month-old New Zealand White rabbits (both sexes) with standard enzymatic techniques in accordance with Institutional Animal Care and Use Committee-approved protocols as published elsewhere (25) . The filtered cells were maintained in 45 mM KCl, 65 mM K-glutamate, 3 mM MgSO 4 , 15 mM KH 2 PO 4 , 16 mM taurine, 10 mM HEPES, 0.5 mM EDTA, and 10 mM glucose (pH 7.3) for 1 h. In five subsequent steps, the Ca 2ϩ concentration was increased to 1.8 mM. Cells were centrifuged, resuspended in medium 199 supplemented with 10% FBS and antibiotics, plated on laminin-coated coverglasses, and allowed to attach. After 2 h, the medium was replaced, and adenovirus (multiplicity of infection of 100) was added to the cells. Cells were maintained at 37°C with 5% CO 2 , and, 40 h later, cells were used for immunofluorescence or biochemistry.
Immunoblot Analysis-Coimmunoprecipitations (co-IPs) and immunoblot analyses were carried out as in previous studies (20) .
Immunofluorescence-Immunofluorescence was carried out as reported previously (21) .
Aquaculture-Experiments were performed on zebrafish (Danio rerio) from WT WIK breeding colonies in accordance with Institutional Animal Care and Use Committee-approved protocols. The care and breeding of zebrafish were performed as described previously at 28.5°C with standard medium (E3) (26) .
Morpholino Knockdown-Morpholinos were designed to target the start site and the splice acceptor of exon 3 of RNF207. The specific morpholino sequences were as follows: 5Ј-TCGTA-TTGCTCTTGGCACAAGTGGC-3Ј (RNF207ATG) and 5Ј-TTGCATCCACATCCTAGAGAGATTA-3Ј (RNF207Ex3SA).
Morpholinos (Gene Tools LLC) were resuspended in 1ϫ Danieu's solution, and 125-500 M (2-nl drop size, 1.9 -7.6 ng) of morpholino was injected into fertilized eggs from TuAB fish at the single cell stage. The effectiveness of splice targeting morpholinos was assessed by quantitative RT-PCR (data not shown). As an additional measure of morpholino specificity, we tested all morpholinos used in the setting of p53 knockdown to verify that the phenotypes seen in wild-type embryos were not secondary to nonspecific activation of p53 (27) .
Optical Mapping: Zebrafish-Hearts were isolated from embryos 48 and 72 h post-fertilization (hpf) and stained with the transmembrane potential-sensitive dye di-8-ANEPPS (Invitrogen) for measurement of action potential propagation. Resulting fluorescence intensities were recorded with a high-speed chargecoupled device (CCD) camera (RedShirtImaging), and images were analyzed using software implemented in MATLAB (26) . For all comparisons, regions of interest were determined and compared between morphant embryos and controls from at least two separate mate pairings using two-sided Student's t test.
Digital Imaging: Neonatal Rabbit Ventricular Cardiomyocytes-Transduced NRbCMs were stimulated using a field stimulation of 20 V/cm (MyoPacer EP cell stimulator, IonOptix LLC) and 1.0-Hz cycle length with two platinum stimulation electrodes, placed on the temperature-regulated chamber (35°C) of a Nikon Ti microscope (Nikon Instruments, ϫ20 magnification), and perfused at 0.2 ml/min using a syringe pump (Aladdin-100, World Precision Instruments). Action potentials were recorded in RH237 (Invitrogen, excitation ϭ 520, emission Ͼ 610 nm) loaded cardiomyocytes using an Evolve 128 EM-CCD instrument (Photometrics, 2 ϫ 2 binning resulting in a pixel resolution of 2.4 ϫ 2.4 M at 979 f/s).
Electrophysiological Recording-U-2 OS and HEK293 cells were transfected with GFP, HERG, and RNF207 expression plasmids (or pcDNA3 as control) 48 h before recording. Whole cell patch clamp recordings of HERG currents were performed with an Axopatch-200B amplifier (Axon Instruments) at room temperature (21-23°C). Data were filtered at 1 kHz and analyzed using Origin (Origin Lab). The pipette solution contained 50 mM KCl, 65 mM K-glutamate, 5 mM MgCl 2 , 5 mM EGTA, 10 mM HEPES, 5 mM glucose, 5 mM K 2 -ATP, and 0.25 mM Na 2 -GTP (pH 7.2). The pipette resistance was 2-4 M⍀. The bath solution contained 140 mM NaCl, 5.4 mM KCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 0.33 mM NaH 2 PO 4 , 7.5 mM glucose, and 5 mM HEPES (pH 7.4). Two-way analysis of variance followed by Tukey's post hoc test was used to test for differences in the I-V relationship for normalized peak tail currents.
RESULTS
Cloning of Cardiac RNF207-We cloned RNF207 from human and rabbit hearts (Fig. 1 ). The overall structure of RNF207 is reminiscent of tripartite motif-containing (TRIM) proteins (28 -30) . These proteins are characterized by a zinc-binding RING domain, one or two zinc-binding B-box domains, and a coiled coil domain in the amino-terminal region. Most TRIM proteins also have ubiquitin ligase activity. Although TRIM proteins with one B-box always have a type 2 B-box (histidine is the second zinc-coordinating residue), the single B-box in RNF207 is of type 1 (cysteine is the second zinc-coordinating residue, Fig. 1 ). The SNP reported to be associated with the QT interval lies in the C-terminal non-homologous region of human RNF207, resulting in a glycine to alanine change (G603A). Interestingly, zebrafish have two RNF207 genes: rnf207b, which encodes a 634-amino acid protein highly homologous to human, rabbit, and mouse RNF207 (Fig. 1) , and rnf207a, which encodes a 199-amino acid protein with similarity to the C-terminal homologous region of RNF207 molecules from other species (Fig. 1 ).
Action Potential Prolongation and Conduction Velocity Slowing in Zebrafish RNF207
Morphants-To explore the effects of RNF207 on repolarization in vivo, we designed two morpholinos to the zebrafish ortholog rnf207b ( Fig. 1 ). One targets the ATG of the dominant isoform, and a second targets the splice acceptor site of exon 3 (shared by all isoforms of the transcript). In initial dose-ranging studies, we did not see any evidence of systemic toxicity but did note abnormalities of contractility and looping in the developing zebrafish heart at higher doses of morpholino (data not shown). Electrophysiology studies of the atrial and ventricular myocardium revealed a significant prolongation of APD ( Fig. 2 , A-D) 48 h hpf (mean ventricular APD80 Ϯ S.E.: morphants, 283 Ϯ 10 ms versus WT 247 Ϯ 9 ms, p Ͻ 0.05; atrium, morphants 136 Ϯ 5 ms versus WT 120 Ϯ 4 ms, p Ͻ 0.05). Knockdown of RNF207 caused significant slowing of conduction in the ventricle but not in the atrium at 48 hpf ( Fig.  3 , A and B) and in both chambers at 72 hpf ( Fig. 3 , C and D). The reduced wavefront propagation velocity is depicted by the crowding of the isochrones in Fig. 3 , A and C, with local conduction velocity estimates shown in Fig. 3 , B and D. By 120 hpf, when the morpholino effect on morphology is no longer evident, there is persistent APD prolongation that, when pronounced, can lead to 2:1 atrioventricular block in the morphant embryos (data not shown). These data suggest that the emergence of mature physiologic repolarization at around 43 hpf in the zebrafish (13, 31) , which is associated with the appearance of I Kr at the membrane (32, 33) , does not occur with knockdown of RNF207. Because a 2:1 atrioventricular block is observed with ZERG (zebrafish ether-a-go-go related gene) mutant or morphant zebrafish larvae and with an I Kr -blocking drug in WT zebrafish larvae (34, 35) , we hypothesize that the main effect of RNF207 knockdown is through inhibiting ZERG transport to the membrane.
Action Potential Shortening of Overexpressed RNF207 in Neonatal Rabbit Ventricular Cardiomyocytes-Because I Kr is a major repolarizing current in NRbCMs (21), we next wanted to test the effect of overexpression of wild-type RNF207 (containing the major allele) and its variant-containing version (RNF207-SNP, containing the minor allele) in these cells. For 7 -H) and B-box C-terminal (BBC) domains as well as a C-terminal homologous region (CHR) that contains no known protein domain, are depicted. No sequence homology is found in the C-terminal non-homologous region (CNHR). Also shown is the SNP (G603A) in human RNF207, which is associated with QT interval prolongation (10, 11, 16) .
this purpose, adenovirus-expressing HA-tagged RNF207, the variant-containing RNF207, or GFP (multiplicity of infection of 1) was incubated with NRbCMs for 48 h. Digital imaging of transduced cells demonstrated that RNF207 overexpression significantly shortened APD by ϳ15% compared with the control (control, 495 Ϯ 61 ms; RNF207, 418 Ϯ 39 ms) ( Fig. 4, A and  B) , implying a possible role for RNF207 in cardiac repolarization and putatively reflecting additional rabbit ERG (RERG) polypeptides in the membrane. Indeed, we observed a trend toward a 30% increase in RERG protein (135-and 155-kDa bands) upon RNF207 overexpression that did not reach statistical significance, possibly because of variability in RERG expression in these cells in cultures (p Ͻ 0.1, data not shown). The observed APD shortening was also seen with the variant form of RNF207 (RNF207-SNP, 409 Ϯ 81 ms) ( Fig. 4, A and B) .
Western blotting ( Fig. 4C ) and immunofluorescence experiments ( Fig. 4D ) did not reveal any differences in the expression or localization of RNF207 and RNF207-SNP. These data confirm that the minor allelic variant (G603A) behaves like the wild-type major allele RNF207 in this system and do not support any direct effect of the polymorphism on the function of RNF207. Furthermore, we did not observe any differences in the stability of wild-type and SNP-containing RNF207 polypeptides in vitro (data not shown).
RNF207 Affects HERG Expression and Function in Vitro-
Our data obtained from zebrafish and NRbCMs imply a possible role for RNF207 in the regulation of HERG expression. Therefore, we directly tested the effect of RNF207 on HERG expression in vitro. Transiently cotransfected RNF207 significantly increased total HERG protein levels in U-2 OS, HEK293, and rat cardiomyoblast H9c2 cells by ϳ30 -50% ( Fig. 5, A and  B) . These effects of RNF207 on HERG are dependent on a functional RING domain because overexpression of RNF207 lacking its RING domain (Fig. 5, A Hearts were stained with di-8-ANEPPS. They were transferred into a perfusion chamber with integrated field stimulation electrodes that contained 15 M blebbistatin to prevent motion artifacts. The chamber was mounted on an inverted microscope (Nikon TE-2000U). Samples were illuminated (525/50 nm excitation filter), and fluorescence images were acquired (685/80 nm emission filter) at 2 kHz by a charge-coupled device camera. Action potentials were acquired during field stimulation at 80 bpm, and action potential durations (APD80) were measured from the fluorescence data using established algorithms in MATLAB. A, mean atrial APD80 from WT and RNF207 morphants' (RNFMO) hearts measured in the atrial regions of interest (ROIs) shown in Fig. 3 . B, representative action potential traces from single sites in the atrium of WT (black) and RNFMO hearts (red). C, mean ventricular APD80 from WT and RNFMO hearts measured in the ventricular ROIs shown in Fig. 3 . Cardiac Ring Finger Protein 207 DECEMBER 5, 2014 • VOLUME 289 • NUMBER 49
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mutation of the first zinc-coordinating cysteine of the RING domain to arginine (RNF207-C25R, data not shown) had no significant effect on HERG protein levels. Further, biotinylation of surface protein from HEK293 cells indicated that RNF207 expression led to an approximately 30% increase in HERG protein on the membrane (Fig. 6, A and B) . The specificity of RNF207 for HERG was further supported by the finding that levels of cotransfected KvLQT1 were not affected by wild-type RNF207 (Fig. 7, A and B) . Coimmunoprecipitation experiments in U-2 OS and HEK293 cells (Fig. 8, A and B) demonstrated an interaction between RNF207 and the core-glycosylated form of HERG (135 kDa) but not the fully glycosylated form of HERG (155 kDa), which is mainly found on the membrane. This interaction implies that RNF207 is probably located in the ER and/or possibly cis-Golgi apparatus. Immunofluorescence data further support these findings by showing colocalization of overexpressed HA-tagged RNF207 and HERG-mEGFP in structures surrounding the nuclei of U-2 OS cells (Fig. 9A ). We next wanted to localize endogenous HERG and RNF207 in adult rabbit cardiomyocytes. However, because of the lack of specificity of commercially available antisera, we had to overexpress HA-tagged RNF207 and FLAG-tagged HERG in these cells. We noticed colocalization of both proteins in perinuclear areas as well as in other parts of the cell (Fig. 9B ). We next tested whether RNF207 affects HERG function by measuring I Kr . To this end, we cotransfected U-2 OS cells with expression plasmids for GFP, HERG, and RNF207 (or control plasmid) and studied I Kr in these cells. RNF207-overexpressing U-2 OS cells also exhibited a significantly higher 6), pcDNA3 (control, lanes 1 and 4) , and expression plasmids for RNF207 (lanes 2 and 5) or RNF207-⌬RING (lanes 3 and 6) . For each condition, depicted immunoblots represent two (A and B) of three technical replicates from one of three independent experiments. B, respective relative expression levels (mean Ϯ S.D.) of HERG normalized to GAPDH expression from three independent experiments performed in triplicate. *, p Ͻ 0.05.
HERG tail current density than control cells (e.g. peak tail current at 40 mV, 40.4 Ϯ 5.2 pA/picofarad for RNF207 and 29.3 Ϯ 4.4 pA/picofarad for control; Fig. 10, A and B) , which is consistent with an approximate 40% increase in HERG expression on the membrane, as determined by surface biotinylation experiments ( Fig. 10, C and D) . To estimate the V 1/2 of activation for control and RNF207-coexpressing cells, we averaged Boltzmann fits to the I-V data generated. The results show no significant difference in V 1/2 of activation (control, V 1/2 ϭ Ϫ12.0 Ϯ 1.5 mV (n ϭ 19); RNF207, V 1/2 ϭ Ϫ10.2 Ϯ 1.4 mV (n ϭ 23); p ϭ 0.41). Similarly, no differences in slopes were detected (control, slope factor ϭ 7.8 Ϯ 0.2 mV (n ϭ 19); RNF207, slope factor ϭ 7.4 Ϯ 0.2 mV (n ϭ 23); p ϭ 0.12). These data indicate that voltage-dependent activation is not significantly affected by RNF207, suggesting that the observed increase in membrane expression level is the underlying reason for the increase in current density. We also cotransfected U-2 OS cells with expression plasmids for GFP, HERG, and the RNF207-⌬RING mutant (or control plasmid) and studied I Kr in these cells. Cotransfected U-2 OS cells showed unaltered HERG tail currents compared with control cells (87 Ϯ 5% of control cells (n ϭ 24) for the RNF207-⌬RING mutant (n ϭ 23), p Ͼ 0.05 (data not shown)). This finding underscores the importance of a functional RING domain for an RNF207-dependent effect on I Kr .
Not surprisingly, experiments in transiently cotransfected HEK293 cells showed a similar increase in HERG current in RNF207-overexpressing cells compared with control cells (data not shown). We also noticed that the steady-state levels of RNF207 transcripts in cultured cardiomyocytes and the cell lines used in these experiments were very low (barely detectable), therefore preventing us from knocking down endogenous RNF207 (data not shown). 5) , pcDNA3 as a control (lanes 1-3) , and RNF207 plasmids (lanes 4 and 5) . Cell surface proteins were biotinylated using sulfo-NHS-SS-biotin, purified with neutravidin beads from total cell lysates, subjected to SDS-PAGE, and blotted onto a nitrocellulose membrane. HERG and transferrin receptor levels were measured using specific antibodies. Cytosolic HA-tagged RNF207 was not detected (lanes 4 and 5) , confirming that biotinylation was specific for cell membrane proteins. No cell surface HERG (the asterisk indicates a nonspecific band) or transferrin receptor was detected from HEK293 cells that were not incubated with biotin (lane 1). Bottom panel, representative immunoblot of whole-cell lysates from transfected HEK293 cells following biotinylation. HERG and HA-tagged RNF207 protein were detected using specific antibodies. B, respective relative cell surface expression levels (mean Ϯ S.D.) of HERG normalized to transferrin receptor expression from two independent experiments performed in duplicate. *, p Ͻ 0.05. (lanes 1-4) , pcDNA3 (control, lanes 1 and 3) , and expression plasmid for RNF207 (lanes 2 and 4) . RNF207 and HSP70 Additively Increase HERG Expression in Vitro-Because several proteins are involved in the quality control, folding, and export of HERG, including HSP90, FKBP38, HSP70, HSC70, and HSP40 chaperones and CHIP (36, 37), we looked into the possible role of RNF207 in these steps. We performed co-IP ( Fig. 11A ) and observed strong interactions between RNF207 and the HSP40 type 1 chaperone DJA1, HSP70, and HSC70. The interaction between RNF207 and HSP70 is dependent on the C terminus of RNF207 (Fig. 11B,  lanes 9 and 10) because we detected almost no appreciable interaction between the heat shock protein and RNF207-⌬C, which lacks the C-terminal region (Fig. 1) . In contrast, the deletion of RING, B-box1, or BBC domains of RNF207 did not abolish the interaction with HSP70 (Fig. 11B, lanes 3-8) . We next tested whether the C-terminal deletion of RNF207 affected HERG function by measuring I Kr . We cotransfected HEK293 cells with expression plasmids for GFP, HERG, and RNF207-⌬C (or a control plasmid) and measured I Kr . RNF207-⌬C-overexpressing cells exhibited a significantly lower HERG tail current density than control cells (e.g. peak tail current at 40 mV, 17.5 Ϯ 1.3 pA/picofarad for RNF207-⌬C and 28.4 Ϯ 1.9 pA/pi-cofarad for the control; Fig. 11 , C and D; p Ͻ 0.05), implying that the C-terminal deletion of RNF207 acts as a dominant negative mutant. We also estimated the V 1/2 of activation and slope factors for control and RNF207-⌬C-coexpressing cells but noticed no significant differences (data not shown).
The aforementioned RNF207/HSP70 interaction (Fig. 11, A  and B ) may explain the additive effect of these proteins to increase the expression of HERG in cotransfected HEK293 cells (RNF207 versus control, ϩ33%; HSP70 versus control, ϩ89%; RNF207 ϩ HSP70 versus control, ϩ131%; p Ͻ 0.05 each; Fig. 12,  A and B) . Similar total HERG expression levels were observed in H9c2 cardiomyoblasts (RNF207 versus control, ϩ45%; HSP70 versus control, ϩ81%; RNF207ϩHSP70 versus control, ϩ154%; p Ͻ 0.05 each; Fig. 12, C and D) . Furthermore, in each case, RNF207-⌬C expression resulted in down-regulation of total HERG protein compared with controls in HEK293 and H9c2 cells (RNF207-⌬C versus control, Ϫ27% and Ϫ18%; RNF207-⌬C ϩ HSP70 versus HSP70, Ϫ25% and Ϫ34%; p Ͻ 0.05 each; Fig. 12, A-D) , which corroborates the dominant negative effect of the C-terminal deletion of RNF207 on I Kr .
DISCUSSION
Our data provide the first mechanistic insight for the observed association between RNF207 and QT interval variation reported in the aforementioned genome-wide association studies (10, 11, 16) . Not surprisingly, RNF207 appears to regulate expression of the HERG potassium channel, a major player . Effect of RNF207 on HERG currents. U-2 OS cells were transfected with GFP, HERG, and RNF207 expression plasmids or control. A, representative original recordings of HERG currents from control (black) and RNF207-expressing cells (red). The membrane potential was held at Ϫ80 mV. Voltage steps between Ϫ70 and 40 mV were used to activate HERG channels before returning to Ϫ60 mV to record tail currents. B, peak tail current amplitudes at Ϫ60 mV were normalized to cell capacitance as a measurement of current density. Average results were plotted as a function of preceding depolarizing potentials (mean Ϯ S.E.). The I Kr peak tail current density was increased significantly by RNF207 expression. *, p Ͻ 0.05 by two-way analysis of variance. C, top panel, representative immunoblot of cell surface HERG and transferrin receptor (TFRC). U-2 OS cells were transfected with HERG (lanes 1-5), pcDNA3 as a control (lanes 1-3) , and RNF207 plasmids (lanes 4 and 5) . -4) . B, anti-His co-IP between RNF207, its deletions, and His-tagged HSP70. C, HEK293 cells were transfected with GFP, HERG, and RNF207-⌬C expression plasmids or control. Shown are representative original recordings of HERG currents from control and RNF207-⌬C-expressing cells. The membrane potential was held at Ϫ80 mV. Voltage steps between Ϫ70 and 40 mV were used to activate HERG channels before returning to Ϫ60 mV to record tail currents. D, peak tail current amplitudes at Ϫ60 mV were normalized to cell capacitance as a measurement of current density. Average results were plotted as a function of preceding depolarizing potentials (mean Ϯ S.E.). The I Kr peak tail current density was decreased significantly by RNF207-⌬C expression. *, p Ͻ 0.05.
in cardiac repolarization. On the basis of the reported effects of RNF207 on APD in vivo (Fig. 2, A-D) and in vitro (Fig. 4, A and  B) , we propose to add genetic variants of RNF207 to the growing list of genetic risk factors for sporadic or drug-induced arrhythmias. Identification and expansion of molecular risk factors could help to identify "vulnerable" patients and aid in the development of new strategies targeting individuals with a prolonged QT interval. The Ensembl gene tree (38) for RNF207 was used to identify orthologs in five vertebrate classes (data not shown): mammals, birds (e.g. chicken), reptiles (anole lizard), amphibian (Xenopus), and bony fish (zebrafish). Although we were not able to identify any putative RNF207 orthologs in jawless and cartilaginous fish using BLAST searches in GenBank (data not shown), we currently cannot completely rule out the existence of RNF207 orthologs in these lower vertebrate classes. The high degree of sequence conservation among known RNF207 orthologs ( Fig. 1 and data not shown) implies a conservation of function during vertebrate evolution from bony fish to mammals. Here we provide strong evidence for a role of RNF207 in the regulation of APD both in a teleost, i.e. zebrafish (Fig. 2) , and in cardiomyocytes derived from neonatal rabbit hearts (Fig. 4, A  and B) . Therefore, these data, for the first time, provide a potential mechanism for the observed association between RNF207 and QT interval variation originally suggested by the two human genetic studies (10, 11) . Because we occasionally observed a 2:1 atrioventricular block in RNF207 zebrafish mor-phants, reminiscent of the phenotype of zebrafish ZERG mutants or morphants or those treated with an I Kr -blocking drug (34, 35) , we focused on the possible effect of RNF207 on the ERG potassium channel. Our biochemical data indeed indicate that RNF207 is a regulator of HERG trafficking in vitro (Fig. 5) .
We also performed a thorough analysis of microarray data available from the NCBI public functional genomics data repository (GEO, data not shown, (39) ). Interestingly, RNF207 levels were significantly down-regulated in hearts of mice with isoproterenol-induced cardiomyopathy (GEO accession nos. GDS3596 and GDS3684 (40, 41) ), which serves as a model for human heart failure. The down-regulation of RNF207 could be recapitulated in vitro when rat ventricular CMs were treated with either the pyridine activator of myocyte hypertrophy or phenylephrine for 48 h (GEO accession no. GDS902 (42) ). We currently speculate that loss of function of RNF207 in heart failure could contribute to a reduced repolarization reserve (reduction of I Kr ) and, thereby, an arrhythmogenic phenotype (early and/or delayed afterdepolarizations).
Interestingly, we also noticed a significant slowing of conduction velocity in the heart of embryonic zebrafish RNF207 morphants ( Fig. 3 ). Conduction velocity depends on electrical coupling, excitability, and tissue architecture (43) . Therefore, possible downstream targets of RNF207 could well be the gap junction forming connexin 43 or the sodium channel SCN5A, both of which are crucial to cardiac excitability. However, it remains to be shown whether RNF207-dependent mechanisms for SCN5A or connexin 43 forward trafficking exist and whether they are similar to what we report for HERG. Because of this profound effect of the RNF207 knockdown on conduction velocity in zebrafish, we currently speculate that genetic variants of RNF207 may be associated with the QRS interval, which reflects depolarization and conduction time. Although there has been a recent genome-wide association meta-analysis (44) identifying 22 loci associated with QRS duration (p Ͻ 5 ϫ 10 Ϫ8 ), RNF207 variants may have been overlooked because of the statistical threshold required in such studies. It will be interesting to see whether any of the common RNF207 variants are actually associated with variations in the QRS interval by revisiting the data from this meta-analysis.
Because the aforementioned genome-wide association studies (10, 11, 16) linked the QT interval to a SNP found within the open reading frame of RNF207, we decided to characterize the coding SNP that causes the amino acid substitution G603A first. Therefore, we looked for any differences between RNF207-SNP and wild-type RNF207 with respect to function (Fig. 4, A and B) or effects on HERG expression and stability. We first used the Sorting Tolerant from Intolerant (SIFT) algorithm (45) (on the basis of evolutionary conservation) to predict whether the coding SNP would have any impact on the function of RNF207. A SIFT analysis predicted that the G603A substitution is tolerated (data not shown). A similar result was obtained using the Protein Variation Effect Analyzer (PROVEAN) tool (46) (data not shown). These predictions were supported by our experimental findings, which did not identify any significant differences between variant and wild-type RNF207 function. As the SNP is found in the C-terminal non-homologous region of RNF207 and because the glycine-alanine mutation is highly 1-4) and expression vectors for HERG (lanes 1-6), RNF207 (lanes 2 and 5) , RNF207-⌬C (lanes 3 and 6) , or HSP70 (lanes 4 -6) (the asterisk indicates nonspecific bands). D, respective normalized HERG expression levels (mean Ϯ S.D.) from three independent experiments performed in triplicate. DECEMBER 5, 2014 • VOLUME 289 • NUMBER 49 JOURNAL OF BIOLOGICAL CHEMISTRY 33737 conservative because of similar physiochemical properties of both amino acids, these findings are not surprising. It remains possible that the coding SNP may actually affect pretranslational steps at the DNA or RNA level, which could not be detected in our experimental system, but, more likely, that other genetic variants that are in linkage disequilibrium with the coding SNP are the actual cause for a putative loss-of-function phenotype associated with prolongation of the QT interval (10, 11, 16, 47, 48) .
Cardiac Ring Finger Protein 207
After demonstrating that the function of wild-type RNF207 is similar to the SNP variant G603A, we next investigated domains or motifs in RNF207 that are critical for the reported effects on HERG expression. The presence of a RING domain suggests that RNF207 may be a RING domain ubiquitin ligase (17) . We demonstrated a requirement for the RING domain for the effects of RNF207 on total HERG expression ( Fig. 5 ) and I Kr (see above) in vitro and also observed that the intact RING domain is crucial for RNF207 (auto-) ubiquitination in U-2 OS cells (data not shown). To study any possible ubiquitination activity conferred by RNF207, we first tried to identify RNF207interacting ubiquitin-conjugating enzymes (49) . These interacting ubiquitin-conjugating enzymes generally confer the type of ubiquitin linkage on the target molecule, which, in turn, determines its cellular fate and may contribute to ubiquitin ligase substrate specificity (49) . Using a yeast two-hybrid screen with 30 ubiquitin-conjugating enzymes (50), we were not able to identify an interaction between RNF207 and a bona fide ubiquitin-conjugating enzyme (data not shown). These data imply that RNF207, in common with other RING proteins such as BARD1 and MDMX (51, 52) , has no intrinsic ubiquitin ligase activity. However, such proteins are able to oligomerize with other RING domain proteins (e.g. BRCA1 and MDM2) and, on formation of a heterodimer, dramatically increase the E3 activity of their binding partners (17, 51, 52) . We propose that RNF207 may serve a similar function, resulting in increased ubiquitination of RNF207 target molecules, such as HERG, or proteins involved in HERG maturation at the ER. Importantly, coimmunoprecipitation experiments ruled out any RNF207dependent changes in the ubiquitination of total HERG protein in vitro (data not shown).
It is currently believed that large complexes consisting of the key chaperones HSC70/HSP70 and HSP90, assisted by cochaperones such as HDJ-1/2 (HSP40), HOP, calnexin, calreticulin, and FKBP38 (36, 37, (53) (54) (55) , are involved in proper HERG folding, assembly, and ER export as well as in the retention of trafficking-deficient or misfolded HERG in the ER. The RNF207dependent HERG expression ( Fig. 5) , as well as RNF207 interaction ( Fig. 8 ) and colocalization ( Fig. 9 ) with core-glycosylated HERG, when combined with our observation of interaction between RNF207 and HSP70 ( Figs. 11 and 12 ), suggest that RNF207 may interact with cytosolic chaperones such as HSP70 and HSP40 on the ER to assist synthesis, folding, or ER export of HERG (Fig. 13 ). We currently speculate that RNF207 may be involved in one of these chaperone-mediated steps, e.g. that it may act in a cochaperone-like manner and increase either nucleotide exchange activity on HSP70 (56) or diminish ATPase activity on HSP90 (57) to enhance respective chaperone activities. Alternatively, one could envisage that RNF207 negatively interferes with the function or stability (e.g. through ubiquitination) of the ubiquitin ligase CHIP (58) . CHIP is responsible for the ubiquitination of misfolded chaperone substrates such as HERG (59) or CFTR (60) , which targets them for proteasomal degradation. Because CHIP competes with HOP for binding to HSC70/ HSP70 and HSP90 and because the outcome of this competition decides whether an HSC70/HSP70-HSP90 client protein will be degraded or exported from the ER (61), a possible RNF207-dependent titration of CHIP would allow more HERG protein to exit the ER. We also hypothesize that the aforementioned dominant-negative RNF207-⌬C may repress HERG synthesis/folding/ER exit and probably acts as a "sponge" to absorb/quench the endogenous protein(s) required to assist RNF207-dependent HERG maturation.
Importantly, there is increasing evidence that the stoichiometry of macromolecular ion channel complexes is precisely orchestrated through extensive coregulation of synthesis, trafficking, and degradation of the participating proteins, possibly in conjunction with specific lipids. Our observation of conduction slowing in the zebrafish suggests that RNF207 may contribute to the broader coregulation of other ion channel proteins beyond the I Kr complex. Future studies will explore the full repertoire of RNF207-interacting proteins.
In summary, our data suggest that RNF207 regulation of HERG trafficking to the membrane is a fundamental mechanism underlying the physiological effects of RNF207 on the APD in both zebrafish and humans. These findings emphasize the importance of a complete understanding of the composition and dynamics of macromolecular membrane complexes in unraveling the mechanisms of common arrhythmias. 
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HSP70-HSP90
HERG FIGURE 13 . Model of RNF207-assisted HERG maturation in the heart. RNF207 binds HERG, HSP70, and other chaperones and, thereby, possibly assists in HERG synthesis, folding, or ER exit. Also depicted are RFFL (62, 63) and LITAF (64, 65) , two genes with nearby loci associated with prolonged QT (10, 11, 16) . MVB, multivesicular body; TGN, trans-Golgi network.
